[1] The simulation results from models participating in the Coupled Climate Carbon Cycle Model Intercomparison Project (C 4 MIP) highlight the role of positive carbonclimate feedback in accelerating growth of atmospheric CO 2 . The large range among models in the strength of this feedback indicates the uncertainty in our understanding of the response of the land and the oceans to continued climate warming and increasing CO 2 . Most of this uncertainty is associated with the response of terrestrial ecosystems to changes in climate and atmospheric CO 2 . The reasons for differences between models' responses to transient climate and CO 2 forcing are not easily identified because of their complex parameterizations and spatially distributed processes. In this paper, we show that a simple box model can reasonably reproduce the globally averaged primary landatmosphere CO 2 fluxes and carbon pools of two complex terrestrial ecosystem models (TEMs) over a range of emission scenarios. The parameters of the box model are calculated by fitting the box model to each TEM's response to transient climate and CO 2 forcing. This approach is also applied to terrestrial carbon cycle components of carbonclimate models participating in the C 4 MIP study. The resulting set of parameter values based on a common box model structure yields a wide range of parameter values, which suggests an absence of clear consensus in modeling primary terrestrial ecosystem processes and provides some insight into the reasons for divergent responses of terrestrial carbon cycle components.
Introduction
[2] The evolution of CO 2 in the atmosphere in response to anthropogenic carbon emissions depends on ocean-and land-atmosphere exchange of CO 2 . Historically, about half ($250 Pg C) of the carbon emitted by fossil fuel use and land-use change since 1850 ($500 Pg C) [Marland et al., 2007; Houghton, 2008] has been taken up by the land and the oceans implying an overall negative carbon cycle feedback. Studies with coupled carbon-climate models suggest that this negative carbon cycle feedback weakens due to a positive carbon-climate feedback whereby warmer temperatures that result from increasing CO 2 concentration weaken the capacity of the land and the ocean to take up CO 2 . The magnitude of this weakening or the positive carbon-climate feedback, inferred as the difference in atmospheric CO 2 in year 2100 between fully coupled and radiatively uncoupled carbon-climate simulations, exhibits a large uncertainty with values varying from 20-220 ppm [Friedlingstein et al., 2006] . Most of this uncertainty is associated with the response of the terrestrial biosphere to increasing CO 2 concentrations and the resulting climate warming. For the year 2100, the Coupled Climate Carbon Cycle Model Intercomparison Project (C 4 MIP) models show estimates for land ranging from a source of carbon of $6 Pg C/a to a sink of $11 Pg C/a: a range of about 17 Pg C/a. In contrast, the ocean is consistently a sink of carbon in these models with values ranging from $4 to $9 Pg C/a in 2100 yielding a range of around 5 Pg C/a. Characterized in this manner, the uncertainty apparent in these simulations in the response of the land carbon cycle component is more than three times larger than that of the ocean. The differences in the response of the land carbon cycle components are also reflected in differing sensitivities to CO 2 and temperature, which vary by an order of magnitude for terrestrial ecosystem models (parameters b L and g L in the work of Friedlingstein et al. [2006] ), and is also seen in other studies [e.g., Cramer et al., 2001; Plattner et al., 2008] . The reasons for these divergent responses are not easily identifiable because of the complex parameterizations used in the models and their spatially distributed nature.
[3] Box model representations of terrestrial and oceanic carbon cycle components have been used for modeling the land-atmosphere and ocean-atmosphere exchanges of CO 2 and CH 4 [Harvey, 2000; Köhler and Fischer, 2004; Haugan and Joos, 2004; Bartdorff et al., 2008] . These models typically represent the various carbon pools over land and in oceans using boxes with specified turnover rates and represent interactions between the various pools in a simplified manner focusing only on primary processes. Jones et al. [2003] , for example, used a box model representation of the Top-down Representation of Interactive Foliage and Flora Including Dynamics (TRIFFID) terrestrial ecosystem model, as implemented in the Hadley Centre's climate model, to study the model's response to changes in soil respiration parameters. Although generally intended to have a physical basis, box model parameters inevitably lose some of their physical meaning because they represent spatially and temporally aggregated processes.
[4] If, however, complex spatially distributed terrestrial ecosystem models (TEMs) can be represented by a common box model structure, but different parameter values so as to reproduce globally averaged values of primary landatmosphere CO 2 fluxes and carbon pools, it is possible to gain some insight into the reasons for their divergent responses. In this paper, we use a simple box model representation for the Canadian Terrestrial Ecosystem Model (CTEM) as implemented in the Canadian Centre for Climate Modeling and Analysis first generation Earth System Model (CanESM1) and TRIFFID as implemented in the University of Victoria Earth System Climate Model (UVic ESCM 2.8). This simple box model representation is shown to reasonably reproduce the full models' response in terms of globally averaged values of net primary productivity (NPP), heterotrophic respiration, litterfall rate, net land-atmosphere CO 2 flux and pools of soil and vegetation carbon for three Intergovernmental Panel on Climate Change (IPCC) emission scenarios. Both CTEM and TRIFFID exhibit different sensitivities to CO 2 and temperature (as discussed in section 2.3) and the parameters of the simple box model help to identify the reasons for these differing responses. This methodology is also extended to the terrestrial carbon cycle components of carbon-climate models participating in the C 4 MIP study, yielding a set of parameter values for the simple box model that represent the range of terrestrial models. The comparison between and the range of these parameter values helps to illustrate the reasons for the varying response of TEMs and provides an uncertainty range in modeling primary terrestrial ecosystem processes.
[5] Section 2 briefly introduces the CTEM and TRIF-FID models and explains the experimental set up. The different sensitivities of these two TEMs to CO 2 and temperature are also discussed. A simple box model representation for TEMs is presented in section 3. In section 4, parameters for this simple box model that characterize the response of CTEM and TRIFFID models are calculated, and the land-atmosphere CO 2 fluxes and carbon pools based on these parameters are compared to those from the full models. Parameters of the simple box model characterizing the terrestrial carbon cycle components of C 4 MIP models are also calculated in this section.
Finally, discussion and conclusions are presented in section 5.
Models and Experimental Setup

Canadian Terrestrial Ecosystem Model
[6] The Canadian Terrestrial Ecosystem Model (CTEM) [Arora, 2003; Boer, 2003, 2005] [Gent et al., 1998 ] which is a primitive equation model with a rigid lid and flux adjustment is not applied. The ocean-atmosphere CO 2 flux in CanESM1 is simulated by the Canadian Model of Ocean Carbon (CMOC) which incorporates an inorganic chemistry module (solubility pump) and an ecosystem model (organic and carbonate pumps) [Zahariev et al., 2008] [7] CTEM simulates three live vegetation pools (leaves, stem, and root) and two dead carbon pools (litter and soil organic carbon) for nine plant functional types (PFTs). CTEM is coupled to the Canadian Land Surface Scheme (CLASS 2.7) [Verseghy, 1991; Verseghy et al., 1993] and the two components together produce fluxes of energy, water, and CO 2 at the land-atmosphere boundary in Can-ESM1. The photosynthesis submodule of CTEM is based on the biochemical model of Farquhar et al. [1980] and Collatz et al. [1991 Collatz et al. [ , 1992 . The current version uses a single-leaf photosynthesis approach with coupling between photosynthesis and canopy conductance based on vapor pressure deficit [Leuning, 1995] . CTEM does not include coupling of carbon with nitrogen (N) and phosphorus (P) cycles and therefore the effects of nutrient limitation on photosynthesis are not explicitly modeled.
TRIFFID
[8] TRIFFID is the dynamic terrestrial vegetation model developed at the U.K. Hadley Center and simulates terrestrial ecosystem processes for five plant functional types (PFTs): broadleaf trees, needleleaf trees, C 3 grasses, C 4 grasses and shrubs [Cox, 2001] . TRIFFID is coupled to the land-surface model Met Office Surface Exchange Scheme (MOSES2) [Cox et al., 1999; Essery et al., 2003] and the two models simulate the energy, moisture and carbon fluxes at the land surface at an hourly time step for each PFT. As with CTEM, photosynthesis is based on the biochemical model of Farquhar et al. [1980] and Collatz et al. [1991 Collatz et al. [ , 1992 . Net primary productivity (calculated as the difference between gross primary productivity and autotrophic respiration) is allocated either to the growth of vegetation carbon pools (leaf, stem, and root), or to the lateral expansion of PFTs, with the resulting vegetation dynamics simulated at a monthly time step. Nutrient limitation of photosynthesis is not included as an interactive component of the model. Vegetation carbon is transferred to a single soil carbon pool via litterfall, which is then returned to the atmosphere by heterotrophic respiration. TRIFFID and MOSES2 collectively are coupled to the UVic Earth System Climate Model (ESCM), and make up the landsurface, dynamic vegetation and terrestrial carbon cycle component of the model [Meissner et al., 2003; Matthews et al., 2005] . The physical climate component of the UVic ESCM is based on the version of the model described by Weaver et al. [2001] , comprising a vertically integrated energy-moisture balance atmosphere coupled to a 19-layer general circulation ocean model and a dynamic-thermodynamic sea-ice model. UVic ESCM is an Earth system model of intermediate complexity (EMIC), with spatial resolution of 1.8 degrees latitude by 3.6 degrees longitude; energy, water and carbon are all conserved without the use of flux adjustments [Weaver et al., 2001] . The current version 2.8 of the UVic ESCM is used here, with significant modifications to both the climate and ocean carbon cycle components, compared to version 2.7 which was used in the C 4 MIP study. There are only minor differences in terrestrial carbon cycle components between the two model versions. Compared to version 2.7, the climate sensitivity and the strength of climate-carbon cycle feedback have slightly decreased in version 2.8.
Different CO 2 and Temperature Sensitivities
[9] UVic ESCM 2.7, which participated in the C 4 MIP study, exhibits a positive carbon-climate feedback of $125 ppm [Friedlingstein et al., 2006] for simulation forced with emissions from the IPCC A2 scenario. For the same simulation, the magnitude of positive carbon-climate feedback in CanESM1 is $50 ppm [Boer and Arora, 2009] . This difference in the magnitude of the positive carbonclimate feedback in the two models is associated with different sensitivities of their respective TEMs to CO 2 and temperature. Using the formulation of Friedlingstein et al. [2006] , and results from fully coupled and radiatively uncoupled carbon-climate A2 scenario simulations (not shown), the sensitivities of land carbon cycle component to CO 2 (b L , Pg C/ppm) and temperature (g L , Pg C/°C) are obtained using
Here DC L c and DC L u are the changes in total land carbon (Pg C) for the 1850 -2100 period for the fully coupled and radiatively uncoupled simulations, DC A c and DC A u are the changes in atmosphere CO 2 concentration (ppm) for the two simulations and DT c is the temperature change in the fully coupled simulation over the same period. Table 1 shows the values of b L and g L for CTEM, TRIFFID (as implemented in UVic ESCM 2.7) and mean of all TEMs from the C 4 MIP study. Compared to TRIFFID and the mean of all TEMs, b L is higher for CTEM implying higher net carbon gain by land per unit increase in atmospheric CO 2 in the absence of climate change. The parameter g L from CTEM is less negative compared to TRIFFID and the mean of all TEMs which implies less respiratory losses and reduction in photosynthesis per unit increase in temperature. While b L and g L provide some information about the response of CTEM and TRIFFID to transient climate and CO 2 forcing, additional insight is gained by comparing the parameters of the simple box model as shown in sections 3 and 4.
Experimental Setup
[10] Fully coupled carbon-climate simulations are performed with CTEM implemented in CanESM1 and TRIF-FID implemented in the UVic ESCM 2.8 for the 21st century, which is the period of our interest. MIP simulations, prognostic CO 2 is the only forcing variable considered in these simulations, with other forcings held constant at 1850 values. The intent is to exclude the effect of warming (cooling) from non-CO 2 greenhouse gases (aerosols) on estimated parameters of the simple box model. CO 2 emissions from land-use change are also not considered for the 2001-2100 period.
[11] The three scenario simulations are initialized from year 2000 of similar historical 1850 -2000 simulations of the respective models but including CO 2 emissions from land use change so that the simulated CO 2 concentrations in year 2000 matched the observations. The simulated globally averaged surface CO 2 concentration in year 2000 is 364 ppm in CanESM1 and 367 ppm in the UVic ESCM which can be compared to observed value of 369 ppm at Mauna Loa.
[12] Figure 1 shows the globally averaged emissions for the three scenarios used to drive CanESM1 and the UVic ESCM, the simulated atmospheric CO 2 concentration and change in global and land-surface temperature (excluding Greenland and Antarctica) for the 2000 -2100 period for the three IPCC scenarios. The changes in CO 2 concentration compared to year 2000 are lower in CanESM1 for all three scenarios primarily because of higher uptake by land compared to the UVic ESCM (see section 4). The change in global temperature is also correspondingly lower in CanESM1. The climate sensitivities of both models are similar and around 3.5°C for doubling of CO 2 [Boer et al., 2007 ; K. Zickfeld et al., Setting cumulative emissions targets to reduce the risk of dangerous climate change, submitted to Nature Geoscience, 2009]. The changes in land temperature in year 2100, on the other hand, are more or less similar in both models, because of relatively larger warming over land compared to the globe in CanESM1 than in the UVic ESCM.
A Simple Box Model
[13] The simple box model representation used here contains two carbon pools of vegetation (V) and soil carbon (S) (both in units of Pg C), as shown in Figure 2 , whose rate change equations are given by 
where t is time, N(t) is the net primary productivity (NPP) (Pg C/a), L(t) is the litterfall rate (Pg C/a) and R(t) is the heterotrophic respiration (Pg C/a). The litterfall rate that contributes to the soil carbon pool is given by
where a is the turnover rate of vegetation (a
À1
) and L = 1/a the turnover time (years). The carbon pools and fluxes here represent global and annual mean values. Following earlier studies [Alexandrov et al., 2003; Kheshgi and Jain, 2003] , we assume N(t) can be represented as a logarithmic function of CO 2 and given by
where C(t) is the surface CO 2 concentration, N 0 is the NPP at CO 2 concentration C 0 (assumed equal to 365 ppm) at the start of the simulation, and B is the logarithmic growth parameter that controls the rate of increase of net primary productivity with CO 2 concentration. Although the temperature sensitivity of NPP can have an important effect on future terrestrial carbon uptake [Matthews et al., 2007] for simplicity we do not take this into account explicitly and b can thus be interpreted as the net NPP response to both CO 2 and climate change. This is a reasonable model simplification since C 4 MIP type simulations analyzed here do not include non-CO 2 GHGs and aerosols so the temperature response in a climate model is solely due to CO 2 .
[14] Heterotrophic respiration R(t) is represented in a simple manner on the basis of an annual turnover rate that is modified as a function of temperature T(t). We use here globally averaged land-surface temperature excluding Greenland and Antarctica, as opposed to global temperature, because terrestrial soil respiration is driven by land temperature. The temperature sensitivity of R is assumed to be of the Q 10 form, where every 10°C change in temperature changes the respiration by a factor of Q 10 . where G is the annual turnover rate (a
) at reference temperature T 0 , assumed here to be 15°C. The net landatmosphere flux is given by
and assumed to be positive downward. With C 0 and T 0 specified, this simple 2-box model is characterized by five parameters (N 0 , B, a or L, G, and Q 10 ) and is driven by only CO 2 concentration C(t) and temperature T(t).
Model Validation and Application
Box Model Parameter Estimation and Validation
[15] We estimate the model parameters of the simple box model by fitting equations (4)-(6) to simulated litterfall, NPP and heterotrophic respiration rates in a least squares sense for both CTEM and TRIFFID using the Newton method described in Appendix A. Figure 3 shows equation (5) fitted to simulated NPP from CTEM and TRIFFID when operated within their respective climate models for the three different scenarios. There is more variability in CTEM's simulated NPP because CTEM is operated within Can-ESM1 with a full dynamical atmosphere component, while TRIFFID is operated within the UVic ESCM that uses a simple atmosphere component that transports vertically integrated quantities on the basis of specified winds. It is well known that Earth system models of intermediate complexity (EMICs) exhibit considerably less interannual variability than comprehensive fully dynamical climate models [Petoukhov et al., 2005] . In both TEMs, the primary response of NPP to CO 2 is captured fairly well with equation (5) for all three scenarios. The calculated values of parameters N 0 and b are shown in Table 2 and discussed below.
[16] Figure 4 shows how equation (6) simulates heterotrophic respiration driven by annual globally averaged landsurface temperature excluding Greenland and Antarctica and total soil carbon values. Calculated values of parameters G and Q 10 are shown in Table 2 . Since heterotrophic respiration responds primarily to temperature, equation (6) reproduces globally averaged heterotrophic response reasonably well for both models and for the scenarios considered. Some differences remain, however, especially for the A2 scenario of CanESM1. Both NPP and heterotrophic respiration, the two primary land-atmosphere CO 2 fluxes, are thus reproduced reasonably well using the simple box model despite ignoring the seasonal cycle and spatial distribution of the climate quantities and terrestrial ecosystem processes.
[17] The value of L, the vegetation turnover time, is estimated using equation (4) and values of litterfall rates and vegetation amounts from both TEMs. We find that for Table 2 .
both CTEM and TRIFFID, L is not a constant but rather varies with vegetation amount in a small range and is also slightly dependent on the emissions scenario. Figure 5 shows L as a function of vegetation amount for both models. The behavior of L as a function of vegetation amount is of opposite sign in the two models. In CTEM (Figure 5a ), vegetation turnover time L increases as the vegetation amount increases. This is because the nonlinear carbon allocation relationships used in CTEM imply that an increase in leaf area index (LAI) results in relatively more carbon being allocated to woody components (with larger turnover time) to support those additional leaves [Arora and Boer, 2005] . In CTEM, allocation also depends on soil moisture, LAI and leaf phenological status. The differences between the scenarios are related to differences in allocation patterns that are in turn related to how temperature and CO 2 change. In TRIFFID (Figure 5b ), L decreases as the vegetation amount increases because of more carbon allocation to leaves and their faster turnover as temperature increases. The relationships for the three scenarios are also dependent on simulated temperature change (Figure 1d ). Rather than using simple mean of L in equation (4), we use the relationship L = a + bV to capture the first-order effect of change in L as vegetation amount increases which increases the number of parameters of the box model to 6. Here, a corresponds to vegetation turnover time for very low vegetation amounts and b represents the dependence of L on the vegetation amount. This is in contrast to Jones et al.
[2003] who used a constant value of L for the box model representation of TRIFFID. We find that using a constant value of L does not reproduces vegetation amounts and litterfall rates obtained from the full models. Estimated values of parameters a and b are shown in Table 2 and Figure 5 . In Figure 6 , the relationship L = a + bV yields litterfall rates from the simple box model that compare reasonably well with those from the full models.
[18] Calculated values of the parameters of the simple model for both TEMs are compared in Table 2 . The value of parameters N 0 and B that characterizes the model NPP response to increasing CO 2 are both higher for CTEM compared to TRIFFID implying a slightly higher base NPP (N 0 ) in year 2000 and a stronger response to increasing CO 2 , despite similar photosynthesis parameterizations [Collatz et al., 1991 [Collatz et al., , 1992 . The mean vegetation turnover time in CTEM (8.3 years) is slightly lower than in TRIFFID (9.2 years). The parameters for heterotrophic respiration (G and Q 10 ) are lower for CTEM than TRIFFID indicating a lower soil carbon turnover rate (G) as well as slightly lower temperature sensitivity (Q 10 ). For TRIFFID, the value of Q 10 calculated for the box model (2.20) is higher than the actual Q 10 parameter used in TRIFFID's soil carbon (2.0), as well as the value of 2.0 used by Jones et al. [2003] in a previous box model representation of TRIFFID. This is likely caused by a number of factors. Greater warming at high latitudes (where soil carbon amounts are larger) relative to tropics will yield high respiration rates in a spatially explicit transient simulation. This effect, however, cannot be captured by a box model that is driven by globally averaged land temperature and a single soil carbon pool and a higher effective Q 10 is required to reproduce full model's response. Globally averaged land temperature also exhibits much less temporal variability, and our simple box Figure 7 . Comparison of net land-atmosphere CO 2 flux simulated by the box model equivalents of CTEM and TRIFFID with those from the full models for the three simulations. model also does not take into account the role of soil moisture in modulating soil respiration due to change in climate. A stronger NPP response to CO 2 and weaker heterotrophic respiration response to temperature in CTEM leads to a larger net land-atmosphere CO 2 flux compared to TRIFFID as shown in Figure 7 . More CO 2 uptake by land in CanESM1 than in the UVic ESCM is the primary reason for lower atmospheric CO 2 concentration in CanESM1 as shown in Table 3 .
[19] Using initial vegetation and soil carbon values in year 2000, the box model with corresponding parameter values for CTEM and TRIFFID is run until year 2100 driven with CO 2 and temperature data from the respective climate models. The net land-atmosphere CO 2 flux simulated in this manner compares reasonably well with that from the full models in Figure 7 and the distinction between the three scenarios is also maintained. Some differences remain, however, since box models cannot completely capture the response of full models and the net land-atmosphere flux is much harder to reproduce, being the difference between two large fluxes. In Table 3 , the cumulative values of land uptake for the 2001 -2100 period simulated by the box model are within about 2% of those from the full model for all simulations except the B1 scenario of the UVic ESCM. Simulated vegetation and soil carbon pools from the box model are compared with those from full models in Figure  8 . While the box models capture the basic transient behavior that shows increased vegetation and soil carbon for all three scenarios, some differences remain. The reason for this is that small differences in fluxes accumulate over time and MIP protocol required the participating models to treat land use change (LUC) emissions (in a manner similar to fossil fuel emissions) by their direct injection into the atmosphere and corresponding changes at the land surface are not made. Had land use change been implemented in an interactive manner by removal of natural vegetation and its subsequent decomposition it would not have been possible to use this methodology because LUC is not implemented in the box model.
[21] Global temperature is one of the standard model outputs from the C 4 MIP comparison but land surface temperature excluding Greenland and Antarctica is not. Inferring changes in land temperature from global temperature for all models is not straightforward because the rate of increase of temperature over land is more rapid than over the entire globe and is model dependent. Use of global temperature will lead to a slightly higher calculated value of Q 10 for heterotrophic respiration, since a higher Q 10 is required to compensate for less global temperature increase relative to land. Calculated Q 10 in this case does not necessarily represent the actual Q 10 values used in a given model, but rather represents the net globally averaged soil carbon response to global temperature changes. The standard model output from C 4 MIP includes atmospheric CO 2 concentration, global temperature, NPP, heterotrophic respiration, and vegetation and soil carbon amounts. Litterfall rates are not part of the standard C 4 MIP output and were derived from changes in vegetation amount and NPP.
[22] Table 4 summarizes the parameters of the simple box model for the terrestrial carbon cycle components of all C 4 MIP models as well as CanESM1 and UVic ESCM 2.8 when driven by global temperature. The effect of using the global temperature instead of land temperature excluding Greenland and Antarctica is seen in calculated values of the Q 10 parameter. Q 10 increases from 2.1 to 2.7 for CanESM1 and from 2.2 to 2.5 for UVic ESCM 2.8. The larger increase in Q 10 for CanESM1 is due to larger relative warming over land in CanESM1 than in the UVic ESCM as seen in Figure  1 . All estimated parameters show a fairly wide range. The mean vegetation turnover time varies from 4.9 to 12.3 years with a mean value of 9.4 years. For most models, the vegetation turnover decreases with an increase in vegetation amount although there is no unanimous agreement; IPSL-CM2, IPSL-CM4-LOOP and CanESM1 all show an increase in vegetation turnover time with increased vegetation carbon. The NPP at CO 2 concentration of 365 ppm (N 0 ) (which corresponds approximately to the year 2000) varies from 55.4 to 83.8 Pg C/a (see Table 4 ) with a mean value of 72 Pg C/a. The parameter B, which represents the increase in NPP with CO 2 , shows a wide range from almost no sensitivity to CO 2 (value of 0.06 for the UMD model) to high sensitivity (0.93 for the LLNL model) and a mean value of 0.49. The turnover rate (time) of soil carbon varies from 0.036 a À1 (27 years) to 0.073 a À1 (14 years) with a mean value of 0.05 (equivalent to a mean turnover time of 20 years for soil carbon). Finally, temperature sensitivity to heterotrophic respiration represented in terms of Q 10 varies from 1.33 to 4.46 with a mean value of 2.57. Had land temperature excluding Greenland and Antarctica been used Global temperature, instead of land temperature excluding Greenland and Antarctica, is used for estimating heterotrophic respiration parameters. The net primary productivity (NPP) parameters are shown for C 0 = 365 ppm as used in this study but also for C 0 = 280 ppm for comparison with other studies.
we expect Q 10 would have varied between the range of $1 to $4, the lower limit of which indicates no sensitivity of heterotrophic respiration to temperature. The large Q 10 value of 4.46 for the Bern carbon cycle model is unusual and possibly related to rapid warming over land compared to the whole globe in this model, or to higher concentrations of soil carbon at high latitudes relative to the tropics that are subjected to amplified warming.
[23] These results provide some insight into the wide range of response simulated by terrestrial ecosystem models in the C 4 MIP comparison. For instance, the largest landborne fraction of cumulative emissions in the LLNL and smallest in the UMD model [Friedlingstein et al., 2006 , Table 2 ] is consistent with their respective strongest and weakest CO 2 fertilization effects (as characterized by parameter b in Table 4 ). The largest positive carbon-climate feedback simulated by the HadCM3LC model in the C 4 MIP study can be explained by its lower than average CO 2 fertilization effect (Table 4 ) combined with one of the largest temperature changes for a given CO 2 concentration [Friedlingstein et al., 2006, Figure 2a ] that promotes higher soil respiration. As Friedlingstein et al. [2006] noted, there does not appear to be a single primary factor that accounts for high sensitivity of the HadCM3LC model.
[24] Table 4 also shows that climate sensitivity of NPP plays an important role in determining the effective value of the b parameter. TRIFFID is the terrestrial ecosystem component of the HadCM3LC, UVic-2.7 and UVic-2.8 models, yet the derived b value is 0.28, 0.45 and 0.55 when it is implemented in these models, respectively. Since NPP is assumed to be a function of only CO 2 and not other climate variables, the parameter b implicitly also includes the effect of simulated climate change that is associated with increase in atmospheric CO 2 . The estimated values of parameters N 0 and b depend on the value of C 0 . Table 4 also shows the values of parameters N 0 and b for C 0 = 280 ppm for comparison with other studies.
Discussion and Conclusions
[25] Box models represent the complex TEMs they are based on in a simple manner and comparison of their parameters values for individual processes provides some insight into reasons for their divergent responses. Here, we have shown that the lower carbon uptake by land in the UVic ESCM (that in part explains its stronger positive carbon-climate feedback than the CanESM1) is because its terrestrial ecosystem model TRIFFID has a lower base NPP, a smaller NPP increase with CO 2 and a slightly stronger heterotrophic respiration response to temperature than CTEM.
[26] The extension of this method and the fitting of simple box model structure to terrestrial carbon cycle components of C 4 MIP models yields the range of parameter values for individual processes. This range characterizes the uncertainty in the globally averaged response to NPP to CO 2 and the associated climate change, the vegetation turnover time, and the temperature sensitivity of heterotrophic respiration, and suggests an absence of clear consensus among models as to the relative magnitude of these processes. The parameters of the simple box model structure used here provide information about primary processes individually and thus yield more insight than the CO 2 (b L , Pg C/ppm) and temperature (g L , Pg C/°C) sensitivity parameters used by Friedlingstein et al. [2006] , which characterize the sensitivity of combined vegetation and soil carbon pools to CO 2 and climate, respectively.
[27] A caveat with this approach is that the parameters of the box model calculated here reflect not only the behavior of the TEMs considered but also the climate models in which they are implemented. For example, the logarithmic growth parameter B considered here not only reflects the primary response of NPP to increasing CO 2 , but also its secondary response to changes in temperature and precipitation, both of which depend on model's climate sensitivity. One could drive the TEMs offline with a common climate data set in a spatially distributed manner and then estimate the parameters of the box model; this may indeed be a useful future application of the box model we have presented here. Since the primary objective of the current study was to gain insight into the reasons for differences in positive carbon-climate feedback between climate carboncycle models it is reasonable to estimate parameters of the simple box model using TEM output from the coupled carbon-climate simulations. However, this could also be the reason for large range between calculated parameter values. For instance, we have shown that the calculated value of Q 10 parameter is different depending on whether land-only or global temperature is used. The differences in the distribution of soil carbon as a function of latitude in spatially explicit models and amplified warming at higher latitudes relative to the tropics will also likely effect the calculated value of Q 10 . Aggregating spatial and temporal processes in a box model inevitably results in some loss of the physical meaning of their parameters and as a result, they cannot be applied outside of the range of scenarios for which they are calibrated. However, the advantage of this approach is that it provides the opportunity to compare complex models against a common standard. The methodology used here is similar to studies that calculate and compare parameter values for primary terrestrial ecosystem processes between several sites by calibrating a common simple model structure against CO 2 flux data [e.g., Lindroth et al., 2008] . The difference between the two is that our comparison of parameter values is between several models rather than experimental sites.
[28] Unfortunately, there are no observation-based data or methods available that may be used to explicitly assess the globally averaged response of the primary terrestrial ecosystem processes. Some implicit methods have been used, however. Jones and Cox [2001] , for example, attempt to estimate the Q 10 parameter for the TRIFFID model using annual CO 2 growth rate anomalies assuming that the Hadley Center's climate model response to El Niñ o Southern Oscillation (ENSO) and volcanic forcing is realistic. They infer an optimal value of Q 10 of 2.1 ± 0.7 that most realistically simulates their model carbon cycle response to ENSO. Ricciuto et al. [2008] infer the value of logarithmic growth factor B as 0.71 for the Bern Carbon Cycle Model (for C 0 = 280 ppm) that best reproduces the historical CO 2 growth when driven with anthropogenic fossil [Marland et al., 2007] and land use change emissions [Houghton, 2008] . Norby et al. [2005] estimate the value of logarithmic growth factor b as 0.60 using data from four free-air CO 2 enrichment experimental (FACE) sites but do not specify the corresponding value of C 0 used.
[29]
The disagreement between models we have shown here with regard to vegetation and soil carbon turnover times and its effect on transient model response has been largely overlooked. As expected, for a given net primary production rate larger vegetation and soil carbon turnover times imply larger equilibrium values of vegetation and soil carbon pools. However, for a transient simulation with increasing CO 2 and NPP, larger values of vegetation and soil carbon turnover times also imply a larger land carbon sink. The estimated vegetation turnover time for the terrestrial carbon cycle components of C 4 MIP models vary by more than a factor of two ($5 to $12 years). The soil carbon turnover rates also vary by about a factor of two ($0.036 to $0.072 a
À1
) but soil respiration also depends on the Q 10 parameter. Of thirteen models listed in Table 4 eight have soil carbon turnover rates that are higher than average (yielding high respiration) but Q 10 values that are lower than average (yielding lower respiration as climate warms). These two effects can compensate for each other in a transient simulation implying that different sets of parameter values can yield similar results. The response of a model is, of course, also dependent on the nature of driving climate data so it is difficult to say if the actual parameter values or their combination matters most.
[30] The ability of box models to simulate the globally averaged response of complex TEMs at the annual timescale, when driven with CO 2 and temperature only, is somewhat analogous to estimation of evaporation and runoff, given annual precipitation, using only the aridity index (the ratio of potential evaporation to precipitation) [Budyko, 1974; Zhang et al., 2001; Arora, 2002] . In the case of water balance, annual evaporation and runoff depend on available water (precipitation) and available energy (expressed as potential evaporation). For the carbon balance case, NPP and heterotrophic respiration primarily depend on CO 2 and temperature, respectively. The key difference between the two is that, in the water balance case, the storage term (soil moisture and snow) can be ignored over the long term. In the carbon balance case, however, the storage term (changes in vegetation and, in particular, soil carbon) is much more important. In both cases, the seasonality of driving variables can be essentially ignored and their annual values yield reasonable system behavior implying that at large spatial and/or timescales a top-down integrationist approach may be successfully used.
[31] Box models also allow construction of box equivalents of carbon-climate models. For example, box model equivalents of terrestrial and ocean carbon cycle models can be coupled to a simple model that calculates temperature as a function of atmospheric CO 2 using an estimate of the model's climate sensitivity [e.g., Jones et al., 2003] . These zero-dimensional box equivalents of fully coupled carbonclimate models are useful because, compared to the comprehensive carbon-climate models, they are extremely fast to run and can provide first-order insights into the behavior of the coupled carbon-climate system in response to various emissions and concentration scenarios. Box model equivalents of TEMs can also be used to illustrate the effect of new parameterizations on the model's globally averaged response. For example, a number of climate modeling groups are working to include the coupling between terrestrial carbon and nitrogen cycles [e.g., Thornton et al., 2007] to model nutrient constraints on photosynthesis. Inclusion of nutrient constraints on photosynthesis is expected to reduce the CO 2 fertilization effect and this can be quantified in terms of the reduction in the parameter b.
[32] A box model structure for representing complex TEMs provides a basis for assessing their primary processes on the basis of a common standard. The resulting parameter values of box model equivalents of complex TEMs can thus be directly compared between models. This provides a quantitative measure of characterizing uncertainty in modeling the primary terrestrial ecosystem processes and reasons for their divergent responses to transient climate and CO 2 forcing. then the sum of squares of errors f(F), which is the function to be minimized, is
where N is number of data points. The objective is to find F that minimizes f(F). Using Taylor series expansion f(F) is approximated as
where rf(F) and r 2 f(F) are the gradient vector and Hessian matrix of f(F), respectively, that are given by
To minimize equation (A3), its derivative with respect is DF is found and equated to zero, which yields
DF is used to obtain the next estimate of F in an iterative manner in the steepest descent direction until required tolerance is achieved.
